Abstract -The excess p r o p e r t i e s o f l-C.Hzm+iOH t CnHZn+2 mixtures are described f o r 2 5 m 5 12 and 4 5 n 5 16 using a model w i t h chemical and physical terms. The model i s a development o f e a r l i e r attempts by Stokes e t a l . , Kohler e t a l . , and Gaube e t a l . . I t assumes chain assoc i a t i o n w i t h a d i s t r i b u t i o n o f association constants favouring chains o f medium length, t h e existence o f c y c l i c tetramers, a heat o f formation o f a hydrogen bond o f -25 kJ mol-1 (except f o r smaller values o f dimer and t r i m e r ) , and a volume change o f formation o f -5 cm3 mol-l. The physical terms contain a c o n f i g u r a t i o n a l c o n t r i b u t i o n c a lculated a f t e r Donohue and Prausnitz, and a residual term calculated w i t h Kehiaian's model o f group surface i n t e r a c t i o n s . The model reproduces the excess p r o p e r t i e s gE, hE, cpE and VE o f numerous systems almost w i t h i n experimental accuracy, and may thus serve f o r i n t e r p o l at i o n between d i f f e r e n t numbers o f m and n. The p r i n c i p a l correctness o f t h e chemical terms i s corroborated by a n.m.r. i n v e s t i g a t i o n on ethanol t cyclohexane and t h e temperature dependence o f VE o f ethanol t hexane.
INTRODUCTION
Alcohols are considered t o be associated substances. That means t h a t t h e r e e x i s t s p e c i f i c , i . e . s t r o n g l y orientated, i n t e r a c t i o n s which are appreciably stronger than t h e general dispersive i n t e r a c t i o n s and which lead t o t h e formation o f groups o f molecules. These groups s t i c k together f o r times which are orders o f magnitudes longer than t h e v i b r a t i o n period o f a molecule i n t h e l i q u i d q u a s i l a t t i c e ( r e f . 1). This formation o f molecular groups, c a l l e d species, i s best t o describe by a chemical equilibrium. However, such a d e s c r i p t i o n i s o n l y necessary when t h e alcohol i s d i l u t e d . I n pure o r concentrated s t a t e t h e e f f e c t o f association can be f o r m a l l y incorporated i n t o a cohesive energy o f somewhat l a r g e r value and somewhat d i f f e r e n t temperature dependence ( r e f .
2). I t i s f o r t h e consid e r a t i o n o f t h e whole density range o f pure alcohols o r t h e whole concentration range o f mixtures t h a t the i n t r o d u c t i o n o f chemical e q u i l i b r i a i s needed.

The accounting f o r d i f f e r e n t species by chemical e q u i l i b r i a b r i n g s t h e problem w i t h i t how t o combine t h i s w i t h t h e e f f e c t s o f t h e weaker b u t more general i n t e r a c t i o n s which are present a l s o i n non-reacting mixtures. For short, how t o combine chemical w i t h physical terms. Numerous s i m p l i f i c a t i o n s have been t r i e d , e i t h e r by neglecting the physical terms as i n t h e treatment o f i d e a l associated mixtures, o r by assuming t h a t chemical and physical
terms can j u s t be added. The l a t t e r assumption means t h a t i n t h e thermodynamic association constant ( i f w r i t t e n f o r a dimerization, a1 and a2 being t h e a c t i v i t i e s o f monomer and dimer, resp.) K = az/ar2 x2/xiZ f z / f i 2 (1) t h e a c t i v i t y c o e f f i c i e n t s f i are d i f f e r e n t from u n i t y , b u t t h e r a t i o f z / f r z i s equal t o u n i t y . From i n v e s t i g a t i o n s on association e q u i l i b r i a i n pure l i q u i d s and i n d i l u t e s o l u t i o n s o f d i f f e r e n t solvents we know t h a t these s i m p l i f i c a t i o n s are n o t j u s t i f i e d .
The p r i n c i p l e s o f a thermodynamically consistent treatment have been formulated by Kehiaian ( r e f s . 3, 151, and Kohler ( r e f . 4) has t r e a t e d various actual mixtures, where one component e x i s t s i n d i f f e r e n t species. I t could be shown t h a t t h e physical terms ( i . e . t h e r a t i o o f a c t i v i t y c o e f f i c i e n t s i n eq. 1 ) e x e r t an appreciable s h i f t on t h e mole f r a c t i o n r a t i o over the concentration i n t e r v a l , i n t h e case o f t h e a c e t i c a c i d t carbon t e t r a c h l o r i d e mixture over t h r e e orders o f magnitudes. But t h e physical terms were s t i l l much s i m p l i f i e d by using o n l y a Porter ansatz f o r them. This i s probably n o t permissible 1442 A
I t w i l l i n t h e f o l l o w i n g t o develop a thermodynamically consistent treatment f o r alcohol mixtures by incorporating a l l features which are thought t o be essential. The aim i s n o t a simple t o o l f o r technical applications, b u t a p h y s i c a l l y r e a l i s t i c d e s c r i p t i o n which can be applied f o r i n t e r p o l a t i n g and e x t r a p o l a t i n g t h e thermodynamic p r o p e r t i e s o f l-CmH2m+rOH + C n H~n + 2 mixtures f o r a v a r i e t y o f carbon numbers m and n. be t r i e d
CHEMICAL TERMS
The chemical e q u i l i b r i a between the various a l c o h o l i c species should show t h e f o l l o w i n g features :
(1) The dimerization should be disfavoured i n comparison t o t h e a d d i t i o n o f a monomeric u n i t t o an already e x i s t i n g chain. This f o l l o w s from various i n v e s t i g a t i o n s i n s o l u t i o n s as w e l l as i n the gaseous s t a t e ( r e f s . 5-9).
(2) The p o s s i b i l i t y should be provided f o r t h e formation o f c y c l i c associates ( r e f s . 10 -13).
(3) Quantum mechanical c a l c u l a t i o n s ( r e f . 14) show t h a t t h e energy o f each hydrogen bond increases w i t h increasing length o f t h e chain, u n t i l a plateau value i s reached f o r longer chains. On t h e other hand, i t can be expected t h a t longer chains are e n t r o p i c a l l y disfavoured. Therefore, t h e a d d i t i o n o f a monomeric u n i t t o an already e x i s t i n g chain w i l l be most l i k e l y when t h e chain has medium length. The assumptions on the basis o f these considerations are:
The e q u i l i b r i u m constant K i f o r the reaction (i-1)mer + monomer+i-mer f o l l o w s a d i s t r i b u t i o n given by:
where a i i s t h e a c t i v i t y o f t h e i-mer. This d i s t r i b u t i o n peaks a t t h e tetramer, and decreases slowly f o r higher i-mers, as can be seen from Table 1 . Table 1 . The thermodynamic q u a n t i t i e s f o r t h e formation o f hydrogen bonds between t h e (i-1)mer and t h e imer i n ethanol (298.15 K). C y c l i c species can be expected t o occur as tetramers o r s l i g h t l y l a r g e r i-mers. This i s because dimers and t r i m e r s are e n e r g e t i c a l l y disfavoured f o r t h e i r angular hydrogen bonds, and l a r g e r c y c l i c species are e n t r o p i c a l l y disfavoured ( r e f . 12). Therefore, i t i s believed t h a t c y c l i c tetramers are t h e dominating c y c l i c species and t h a t t h e neglection o f c y c l i c pentamers, and, i f e x i s t i n g , c y c l i c hexamers w i l l n o t lead t o s i g n i f i c a n t e r r o r s . The constant f o r t h e c y c l i s a t i o n o f t h e tetramers
i s a l s o w r i t t e n i n terms o f a c t i v i t i e s .
For t h e enthalpy o f formation o f a hydrogen bond a value near 25 kJ i s used f r e q u e n t l y ( r e f s . 10, 13). Again, t h e hydrogen bond o f a dimer i s thought t o have a lower enthalpy o f formation ( r e f s . 10, 15) , and i n order t o make t h e sequence smooth, a s l i g h t l y lower value than 25 kJ i s attached t o t h e formation o f t h e second hydrogen bond i n t h e t r i m e r . The r e s u l t o f these assumptions f o r t h e example o f ethanol, where we have set K = 40, KC = 3, i s presented i n Table 1 .
For t h e higher 1-alkanols, m L 3, t h e e q u i l i b r i u m constants are s e t t o K 30, KC = 4.2, b u t t h e enthalpies o f formation remain unchanged. Therefore, t h e entropies o f formation become more negative.
For t h e reaction volume i n forming a hydrogen bond a value o f -5 ~m~m o l -~ was used throughout ( r e f . 16).
PHYSICAL TERMS
As i-mers o f appreciable s i z e might be formed, i t was thought necessary t o consider s i z e differences e x p l i c i t e l y . Thus t h e a c t i v i t y c o e f f i c i e n t s o f species I are w r i t t e n I n f i = I n f i , c o n c t I n f i , r s s (4) where t h e f i r s t term on t h e r.h.s. ( t h e c o n f i g u r a t i o n a l term) takes s i z e d i f f e r e n c e s i n t o account and t h e second ( r e s i d u a l ) term i s due t o d i f f e r e n c e s i n i n t e r a c t i o n energies.
For t h e configurational term t h e approximation o f Donohue and Prausnitz ( r e f . 17) has been used, which i s thought t o be superior t o t h e usual Flory-Huggins expression. Gaube e t a l . 
For p 1 t h e Flory-Huggins expression i s recovered. As w i l l be seen i n t h e f o l l o w i n g , p-values between 0.85 and 0.87 have been used.
For t h e second term, i t proved t o be e s s e n t i a l t o take i n t o account e x p l i c i t e l y t h e differences i n contact numbers o f molecular groups. Otherwise t h e change i n the composition dependence from hexane systems t o hexadecane systems could n o t be reproduced. Therefore, t h e residual term has been modelled according t o Kehiaian's model o f group surface i n t e r a c t i o n s ( r e f s . 19 -20), used i n t h e zeroth approximation. When from Kehiaian's expression f o r gE the logarithm o f a c t i v i t y c o e f f i c i e n t i s derived by standard thermodynamic formulae ( r e f . 21), t h e r e s u l t i s f o r an a l c o h o l i c i-mer
Here t h e q i are r e l a t i v e surface areas o f t h e molecules. The f o l l o w i n g values have been used f o r t h e groups: q C H 3 0.875, q C H z = 0.75, qOH = 0.8. The l a s t value i s used f o r both f re8 and bonded OH. Thus, when m and n denote t h e number o f carbon atoms i n t h e alcohol o r alkane, resp., The i n t e r a c t i o n constants g i j , gic i n t e r a c t i o n s g i j -1/2 I I (asi -a e j ) ( a t i -at Eq. (9) contains t h e s p e c i f i c group i n t e r a c t i o n parameters, get, which are t o be adjusted. I n alcohol t alkane mixtures, t h r e e d i f f e r e n t parameters have t o be taken i n t o account: gmf f o r t h e i n t e r a c t i o n between methyl/methylene and f r e e OH, gmb f o r t h e i n t e r a c t i o n between methyl/methlyene and bonded OH, gfb f o r the i n t e r a c t i o n between f r e e and bonded OH.
The parameters o f t h e physical terms, gmf, gmb, gfb, p and PO were f i r s t adjusted f o r the mixture ethanol t hexane. The values chosen were (energies i n J mol-1, temperature i n K and pressure i n MPa) gmf 10000, gnb : 800,
For t h e sake o f c a l c u l a t i n g hE and vE, temperature and pressure d e r i v a t i v e s o f t h e g's have t o be given also: dTgmf = -13 , dTgmb = 0 , dTgfb +4 dpgmf = 35 , dpgmb = 0.6 , dpgfb = -6 I n p r i n c i p l e , these i n t e r a c t i o n parameters should apply f o r a l l alkanol t alkane mixtures.
With t h i s assumption, t h e empty c i r c l e s i n t h e Figs. 7-12 are calculated. I t i s seen t h a t a f i n e r adjustment i s necessary f o r alkanol t alkane mixtures w i t h d i f f e r e n t m and n. This f i n e r adjustment was brought about by changing somewhat gmf and i t s d e r i v a t i v e s , gnb and i t s d e r i v a t i v e s , and p (crosses i n Figs. 7-12). The i n t e r p r e t a t i o n f o r these changes w i l l be given i n the discussion. Table 3 . 
METHOD OF CALCULATION
The problem i s t o f i n d t h e s e t o f mole f r a c t i o n s o f species xi,xz, ..., x i ..., X C , xs which s a t i s f i e s a l l and KC = &.% .
As t h e a c t i v i t y c o e f f i c i e n t s are r e l a t i v e l y complicated f u n c t i o n s o f t h e mole f r a c t i o n s (eq. 5 and 7), an elaborate i t e r a t i o n procedure i s necessary f o r each set o f parameters. For a quick s o l u t i o n several interconnected v a r i a b l e s were adjusted simultaneously by a modified Newton method ( r e f . 22).
Denoting t h e formal mole f r a c t i o n s o f alkanol and solvent by Xa and XS, and t h e corresponding a c t i v i t y c o e f f i c i e n t s by and re, t h e excess Gibbs energy i s gE = RT(X. I n r. t X. I n r e ) (11) w i t h X . = (I i x i t 4 x c ) / ( I i x i t 4 xc t XS) (12) and
t h e superscript Q denoting t h e l i m i t Xa -> 1.
Another scheme f o r c a l c u l a t i n g gE has been described previously ( r e f s . 4, 23), and was used as a check f o r t h e correctness o f t h e c a l c u l a t i o n . The programming was done independently a t Bochum and Darmstadt i n order t o be sure t h a t no errors slipped i n .
The excess Gibbs energy was calculated a t f i v e temperatures around 298.15 K and f i v e pressures around 0.1 MPa. The f i v e p o i n t s were f i t t e d by polynomials o f second degree i n 1/T or i n p, resp.. From these, values o f hE, cEp and VE were derived. show VE o f t h e mixture CzHsOH + C6H14 i n t h e discussion, we omit here t h e presentations f o r smaller numbers o f m and n.
RESULTS
Figs
DISCUSSION
As t h e present model i s able t o reproduce t h e excess p r o p e r t i e s o f l-CmHZm+10H t C n H 2 n +~ f o r many systems w i t h i n t h e bounds o f 2 S m 5 12 and 4 S n S 16 almost w i t h i n experimental accuracy, i t might serve as a method f o r i n t e r p o l a t i o n f o r d i f f e r e n t m and n. We have n o t y e t t r i e d methanol systems, because o f various i n d i c a t i o n s t h a t methanol behaves d i f f e r e n t l y t o t h e other alkanols. Therefore, we have reserved methanol mixtures f o r f u t u r e work. Now t h e numerical values o f t h e parameters should be discussed. S t a r t i n g w i t h the chemical terms, i t i s obvious t h a t our association constants are much smaller than most o f t h e other authors. Furthermore, t h e change i n our constants between ethanol and propanol i s smaller, and from propanol on a l l constants are equal. The influence o f t h e physical terms on t h e r a t i o o f t h e mole f r a c t i o n s i s very big, e.g. we have f o r ethanol t hexane (298. . . 
t i s t h e neglection o r inconsistent i n c l u s i o n o f t h e physical terms, which makes t h e association constants o f most other authors bigger, because t h e r a t i o o f mole f r a c t i o n s determines the steepness o f t h e gE/xi,xZ-curve a t h i g h d i l u t i o n . The l i m i t i n g value o f (gE(x1xz)x -> o
RTlnram i s given by ( c f . eq. 13) RT I n ram = RT I n f i m -RT l n ( x i ' f i ' )
(15)
For ethanol t hexane, t h e f i r s t term on t h e r.h.s. which i s ( c f . eq. 7)
RT I n fi" = q i arc2 gar t RT I n f i , c o n f m (1-xcO) go,, (19) and t h e superscript 0 denotes Xa-1.
When t h e association, t h i s f r a c t i o n i s smaller than t h e mole f r a c t i o n o f monomer, @OHO < x i o . The second term on'the r.h.s. (17) v a r i e s between r e l a t i v e l y narrow bounds. I t s f i r s t c o n t r i b u t i o n ,
RT I n f 8 , c o n r i s negative f o r the samller solvent molecules (-1473 J mol-1 f o r hexane i n ethanol) and t h e second c o n t r i b u t i o n , RT I n f ~, r e a , i s mainly influenced by Qmb and o n l y a l i t t l e b i t by gmf ( i t s value f o r hexane i n ethanol i s 1066 Jmol-1). This means t h a t OOHO has t o be such t h a t t h e whole spectrum o f RT I n ram-values can be covered, which ranges f o r ethanol ( a t 298.1510 from 10600 (hexadecane) over 5800 (hexane) t o 4100 (carbon t e t r a c h l o r i d e ) and 3700 J mol-1 (benzene). Our c a l c u l a t i o n s on ethanol give XCO = 0.05585 and @ono = 0.08333, so t h a t RT I n 
I t i s seen t h a t the r a t i o o f t h e two l i m i t i n g values i n t h e ethanol t hexane mixture, 10282/5612, can o n l y achieved w i t h t h e physical terms, which c o n t r i b u t e very p o s i t i v e l y on
t h e s i d e Xa -> 0, and o n l y l i t t l e and negatively on the s i d e Xa -> 1.
The important c o n t r i b u t i o n o f t h e physical terms leads t o q u i t e d i f f e r e n t values f o r t h e mole f r a c t i o n s o f species i n our model compared w i t h t h a t o f other authors. Especially f o r
t h e pure alcohol our values f o r x i 0 and @ono are s u b s t a n t i a l l y higher than from other models. I t would be n i c e i f t h i s could be checked by independent i n v e s t i g a t i o n s . I t i s f o r t h i s reason t h a t we investigated t h e chemical s h i f t o f n.m.r. f o r the mixture ethanol t cyclohexane, which i s thermodynamically almost equivalent t o ethanol t hexane. The r e s u l t s o f t h i s study, together w i t h a discussion o f some l i t e r a t u r e data on i n f r a r e d spectroscopy, are given i n t h e appendix. The conclusion i s t h a t t h e n.m.r. data are consistent w i t h our model, b u t cannot disprove values which are up t o 50% smaller. A second study which shows t h e p r i n c i p a l correctness o f our model i s on t h e temperature dependence o f vE.
This temperature dependence i s u s u a l l y b i g i n alcohol t alkane systems because o f t h e breaking up o f associates a t higher temperature ( r e f s . 54,561. Fig. 18 shows experimental p o i n t s f o r vE/xixz a t 298.15 K and 313.15 K f o r ethanol t hexane ( r e f . 54) i n comparison t o our c a l c u l a t i o n , w i t h no adjustment made f o r 313.15 K . F i n a l l y , i t should be stressed t h a t t h e cpE-values presented e a r l i e r are r a t h e r i n s e n s i t i v e on t h e pyhsical terms (the curves and c i r c l e s are q u i t e near together i n Figs. 7-12 ) and have been calculated without any a d d i t i o n a l assumption. They are, therefore, an a d d i t i o n a l evidence f o r t h e p r i n c i p a l correctness o f our chemical terms.
Proceeding now w i t h t h e discussion o f t h e numerical values o f t h e physical terms, t h e f i r s t p o i n t i s t h e value o f p and pa. This i s completely i n l i n e w i t h t h e discussion o f Gaube e t e l . ( r e f . 18) f o r alkanols and o f Donohue and
Prausnitz ( r e f . 17) f o r hydrocarbons. On t h e other hand, t h e excess p r o p e r t i e s react q u i t e s e n s i t i v e l y on a small v a r i a t i o n . This can be understood because increasing p leads t o more negative values o f I n o f eq. 
Coming now t o t h e values o f t h e i n t e r a c t t o n parameters gmf, gnb, gfb and t h e i r d e r i v a t i v e s , so i s t h e general p a t t e r n f o r ethanol + hexane conform t o chemical i n t u i t i o n .
The parameter gnf corresponds t o a strong p o s i t i v e i n t e r a c t i o n o f a very p o l a r molecule w i t h hydrocarbons, gnb t o t h e much weaker i n t e r a c t i o n o f an oxygen bridge ( l i k e i n dioxane) w i t h hydrocarbon, and t h e negative value o f gfb r e f l e c t s a tendency o f complexation between f r e e OH and an oxygen bridge. The d e r i v a t i v e s correspond i n s i g n and i n magnitude roughly t o what one would expect, i.e. t h a t dTgSt i s between 0.001 gst and 0.01 gst, and t h a t an increase o f pressure f o r 1 MPa i s roughly equivalent t o a decrease i n temperature f o r 1 K. The change o f gnf w i t h n i s p a r a l l e l t o t h e experience w i t h other mixtures o f n-alkanes, and i s thought t o be caused by the f a c t t h a t t h e longer hydrocarbon chains order themselves i n t h e l i q u i d s t a t e , an order which i s broken by t h e mixing partner (Patterson-eff e c t ) ( r e f . 51). This e f f e c t i s absent o r even reversed when t h e mixing partner furnishes contact p o i n t s f o r t h e methylene groups (aromatic rings, c h l o r i n e and even oxygen atoms, r e f . 581, b u t t h e a lc o h o l i c chains are probably so much shielded by t h e par a f f i n i c residues R t h a t t h e R I H sequences cannot serve as con-H*.O/H H'. f t a c t points. The explanation f o r t h e increase o f gnr w i t h n as an order breaking e f f e c t i s i n l i n e w i t h t h e r a p i d decrease o f dTgnf, which i n d i c a t e s an e n t r o p i c e f f e c t . More d i f f ic u l t i s t h e i n t e r p r e t a t i o n f o r t h e v a r i a t i o n o f Qmb w i t h m f o r smaller values o f n, which leads t o very negative values f o r l a r g e m and small n ( c f . Table 3) . W e believe t h a t t h i s i s a packing e f f e c t . The b i g residues R o f t h e a l c o h o l i c chains are forced by t h e hydrogen bond sequences i n t o a packing which i s not optimal. Small alkanes as mixing partners can f i l l some holes and a c t as " l u b r i c a n t " between d i f f e r e n t chains. This i n t e r p r e t a t i o n i s again supported by t h e v a r i a t i o n o f dTgmb which stresses t h e e n t r o p i c character. I f the alkane molecules become l a r g e r ( n t 101, t h e l u b r i c a n t e f f e c t vanishes. The constancy o f gnb w i t h m f o r l a r g e r n might not be so p e r f a c t as given by Table 3 One might summarize t h e discussion by t h e statement t h a t t h e numerical values o f a l l parameters, chemical and physical, appear t o be reasonable and consistent. S t i l l i t might be possible t o achieve an equally good representation o f t h e excess p r o p e r t i e s o f t h e 1-alkanol + alkane mixtures w i t h s l i g h t l y d i f f e r e n t assumptions, e.g., by changing t h e association model s l i g h t l y and compensating w i t h t h e physical terms. But i t i s believed t h a t t h e present model i s near t h e t r u e physical s i t u a t i o n . I t w i l l be t r i e d i n t h e f u t u r e t o corroborate t h i s opinion by applying t h e model t o 1-alkanol systems w i t h other mixing partners than a1 kanes. Fig. A1 were c a l c u l a t e d which are i n e x c e l l e n t agreement t o t h e experimental points. The question i s i f other models f o r @OH could g i v e reasonable agreement a l s o w i t h other values f o r 6b and 6 r . Especially, we were i n t e r e s t e d t o check r e s u l t s from i n f r a r e d spectroscopy. Here we r e f e r t o work o f t h r e e d i f f e r e n t groups. Sassa Xa = 1, a value o f about @OH = 0.04 r e s u l t s , about h a l f t h e value o f our model, b u t s t i l l s u b s t a n t i a l l y higher than Luck's value o f about OOH = 0.03. Apparently, t h e r e are s t i l l inherent d i f f i c u l t i e s i n t h e i n f r a r e d method which make q u a n t i t a t i v e comparisons doubtful.
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I t i s n o t unexpected t h a t t h e f r e e OH i s b e t t e r shielded i n ethanol than i n phenol, b u t t h e e x t e n t i s remarkable. On t h e other hand, t h e decrease i n s h i e l d i n g when
t h e proton i s engaged i n t h e hydrogen bond (6b -69) i s l a r g e r f o r ethanol then f o r phenol, which p a r a l l e l s the stronger association i n ethanol. S t i l l , 6 b f o r ethanol (5.75) i s smaller than i n phenol ( 7 . 5 ) . 
